Saturation Transfer Difference NMR Principle
We have studied the potential of saturation transfer nuclear magnetic resonance (NMR) experiments in different mode to screen compound mixtures for binding activity and to characterize binding epitopes on the ligand. We have developed a protocol based on the transfer of saturation from the protein to bound ligands which by dissociation is moved into solution where it is detected ( Fig. 1 ; Mayer and Meyer 1999; Peters and Meyer) . By subtracting a spec- show up in the difference spectrum. The receptor protein is saturated with a selective saturation pulse. In general, the saturation pulse consists of a cascade of Gauss-shaped pulses. The duration of saturation times typically ranges from 1 to 2 s. The ligand is normally used in an approximately 50-lOO-fold molar excess over the protein, allowing one to work with low ~lM protein concentrations trum, where the protein is saturated from one without protein saturation, a spectrum is produced where only signals of the ligand(s) remain in the difference spectrum. The irradiation frequency is set to a value where only protein resonances and no resonances of free ligands are located. Usually, irradiation frequencies around 1.5 ppm are practical because no ligand resonances are found in this spectral region, whereas the significant line width of protein signals still allows selective saturation. If the ligands show no resonances in the aromatic spectral region, the saturation frequency may also be placed there. One major advantage of the new technique is that the saturation transfer difference (STD) protocol may be combined with any NMR pulse sequence, generating a whole suite of STD-NMR experiments such as STD-TOCSYor STD-HSQC (May er and Meyer 1999; Peters and Meyer)
The experiment was first used to screen a library of carbohydrate molecules for binding activity towards a carbohydrate binding protein, wheat germ agglutinin (WGA). At the same time it was shown that STD-NMR is useful for determining the binding epitope of the ligand.
In the following, experimental guidelines for STD-NMR are summarized utilizing the original study as an example (Mayer and Meyer 1999) . Ligands are added to a solution of the receptor protein and one IH-NMR experiment is performed where the protein is selectively irradiated at a frequency at least 700 Hz away from the closest ligand signal (on-resonance experiment). Usually, such regions are easily identified depending on the chemical nature of the ligands. Even though the irradiation is highly selective, it yields saturation of the protein by efficient spin diffusion within about 50-200 ms.
A ligand that binds to the protein will be saturated by spin diffusion because it behaves as part of the large protein complex and thus has a reduced mobility in solution. The degree of ligand saturation obviously depends on the residence time of the ligand in the protein binding pocket. The dissociation of the ligand will then transfer this saturation into solution where the free ligand has again narrow line widths. For those ligand protons that interact with protein protons through an intermolecular NOE, a decrease in intensity is observed. However, in the presence of other molecules like impurities and other nonbinding components, it is not usually possible to identify such attenuated signals.
Therefore, in a second experiment the irradiation frequency is set to a value that is far from any signal, ligand, or protein, e.g., 40 ppm (off-resonance spectrum). The spectrum is recorded and yields a normal NMR spectrum of the mixture. Subtraction of the on-resonance from the off-resonance spectra leads to a difference spectrum, in which only signals of protons are visible that were attenuated via saturation transfer. All molecules without binding activity are cancelled out.
A fast off rate of the ligand transfers the information about saturation quickly into solution. If a large excess of the ligand is present, one binding site can be used to saturate many ligand molecules during a time of a few seconds. Ligands in solution lose their infor-mation by normal T 1 relaxation, which is in the order of about 1 s for small molecules. Thus, the degree of saturated ligands in solution is accumulating during the saturation time. Hereby, the information about the bound state resulting from the saturated protein is amplified. The STD principle is shown in Fig. I .
On the other hand, if binding is very tight, and consequentially off rates are in the range of several Hz or less, the saturation transfer to ligand molecules is not very efficient. This is usually the case for KD values below 10-
.
It is obvious that the observed signal intensity of the ligand's signals in the STD-NMR spectrum is not proportional to the binding strength. STD-NMR effects depend largely on the off rate. As outlined above, larger off rates should result in larger STD signals. However, when binding becomes very weak the probability of the ligand being in the receptor site becomes very low and therefore STD-NMR can be used from very tight binding up to a KD of about 10 mM.
Among other factors, the intensity of the STD signals depends on the irradiation time and on the excess of ligand molecules used. Figure 2 shows the dependence of STD signals as a function of the irradiation time and as a function of the excess of ligand used. The more ligand used and the longer the irradiation time, the stronger the STD signal. Both curves in Fig. 2 asymptotically approach a maximum value. In general, an irradiation time of 2 s and a 50-to lOO-fold excess of ligand give good results. The excess of the ligand results in a stronger STD signal -even though a smaller proportion of the ligands become saturated. From the high ligand-to-protein ratios it is clear that the amount of protein required for the measurements is very small. At 500 MHz an amount of approximately 0.1 nmol of protein at IlM binding constants is sufficient to record STD spectra. At a molecular weight of 50 kDa, this translates into an approximately 5-llg protein.
Using ID STD spectra, the compound N-acetylglucosamine (GlcNAc) was identified as the only one with binding affinity for wheat germ agglutinin (WGA). All other molecules showed no response in the STD spectra. As mentioned above, the STD principle can be combined with any NMR pulse sequence, and one rather powerful experiment is the STD-TOCSY experiment. Especially in cases where the library is more complex, the additional deconvolu- '" 
STD-NMR for Characterizing Ligand Binding to Membrane Integrated Proteins
In order to study membrane-bound proteins in their native environment, we have studied integrins embedded into liposomes and their binding properties by STD-NMR (Meinecke and Meyer 2001) . Many membrane-bound proteins can be stabilized in solution by detergents. The solubilized integrin (llIbfi3 was integrated into liposome membranes formed of dimyrystyl-phosphatidyl-cholin and dimyrystyl-phosphatidyl-glyceroL These liposomes are known to have a diameter of about 200 nm and carry 50% of the integrins facing to-wards the inside and 50% facing towards the olltside. It is known that integrins bind to peptides containing the RGD motif. Binding of sllch peptides to the liposome-integrated integrins was assayed in homogenous solution by STD-NMR. It was found that a clear distinction could be made between molecules with binding properties and other peptides that do not show binding. Also, stronger ligands could be clearly discriminated from weaker ones by displacing them from the binding site. We could show that about 0.1 nmol of the protein is sufficient to assay its binding specificity. The cyclic peptide cyclo ( (Fig. 3) . It was shown that the peptides have a specific binding to the integrin embedded into liposomes only up to a concentration of about 20 /lmol/!. Beyond that, an unspecific binding or potentially a low-affinity binding site on the integrin is used by the peptides. It was shown clearly that no unspecific binding was occurring to the protein-hee liposomes. Further, the binding epitope of the cyclic peptide cyclo(RODfV) was determined by STD-NMR spectroscopy on liposome integrated integrins. It turned out that the major factor of binding is the phenyl ring of the phenyl alanine, whereas the aspartate has a weaker but still strong contact with the protein, as has the arginine. In the case of the aspartate, the contact is through the carboxylic group, whereas in the case of the arginine it is a hydrophobic contact. The valine was also participating in binding (Fig. 4) .
It has been well established that integrins in solubilized form have binding constants to ligands that are about a factor of 100 weaker than the same receptor-ligand interaction in membrane-integrated form. Therefore, it is important to study and understand the interaction of membrane-bound proteins with their ligands in a form close to the native environment. 
Epitope Mapping with STD-NMR
It was demonstrated that STD-NMR can easily be used to identify the building blocks of ligands in direct contact to the receptor because it receives the highest degree of saturation. The interaction of a hexasaccharide with the lectin Aleuria aurantia agglutinin (AAA) shows that only the fucosyl residues directly interact with the protein (Mayer and Meyer 1999; Fig. 5 ).
Group Epitope Mapping with STD-NMR
It has been shown (Mayer and Meyer 2001) that epitope mapping can be further refined in order to allow so-called group epitope mapping (GEM). For group epitope mapping it is important that the residence time of the ligand in the bound state is significantly shorter than the T2 time of the ligand in the bound state. We have shown that the groups binding directly to the protein can be identified from STD-NMR spectroscopy (Mayer and Meyer 2001) and that the identification of these groups can be obtained down to the functional group motif. Group epitope mapping can only be observed if the ligand has a fast off rate which is normally the fact for dissociation constants of about KD=0.1 IlM or weaker. Stronger binding normally reduces the off rate so much that the ligand has a too long residence time on the receptor, during which spin diffusion reduces the differences between protons within one residue such that they are insignificant. Thus, the distinction of protons close to the protein surface from those that are not in direct contact with the protein is made virtually impossible. Group epitope mapping has been shown to be possible with peptides, carbohydrates, and aromatic ligands.
As an initial example, we used carbohydrate recognition by lectins to identify the functional groups involved in binding to the receptor proteins.
Using the 120-kDa protein ricinus communis agglutinin (RCA 120 ) as the protein target, the functional groups involved in binding of the ligand methyl fJ-D-galactoside could be determined. Using STD-NMR experiments, it was shown that only the H2, H3, H4, and H6 protons of the galactose were involved in direct binding to the pro- (Fig. 6 ). These data were in perfect agreement with earlier published results obtained from chemical modification of these functional groups (Bhattacharyya and Brewer 1988) . The ID-spectra of the biantennary decasaccharide at an II-fold excess over the RCA 120 show clearly that the terminal residues galactose and N-acetyl-glucosamine are most distinctly involved in binding, whereas signalS of the sugars close to the reducing end are very low in intensity (Fig. 7) . In a more detailed way, the same information can be obtained from the TOCSY spectrum.
Using the large biantennary decasaccharide (Fig. 7) as ligand to RCA I20 , we could again identify the functional groups involved in binding. In this case, the terminal ,B-D-galactose residue is involved in binding with its H2, H3, H4, and H6 protons. Furthermore, the H2, H3, and H4 protons of the penultimate ,B-D-glucosamine residue are also close to the protein surface and contribute to binding. Because of signal overlap, one could not identify the individual share among the protons H2, H3, and H4 with a direct involvement. The other protons of the ,B-D-GlcNAc residue make a direct contact to the protein. This shows clearly that the glucosamine residue carries a small portion of the binding specificity of that ligand.
The same could be verified for lactosamine as a ligand. It was demonstrated earlier that elongation of a galactose residue by a ,B-Dglucosamine residue increases binding and that the glucosamine carries about 20% of the binding energy (Sharma et al. 1998 ).
Binding Constants from STD-NMR Experiments
The binding constant of Jigands can be obtained from STD-NMR spectra. In the example described above, where the biantennary decasaccharide interacts with the receptor RCA I20 , one can perform a competition titration with the weaker ligand ,B-D-GaIOMe. The results of the titration give STD amplification factors as a function of the concentration of the ligand. The data shown in Fig. 8 clearly prove that the decasaccharide is replaced from the binding side upon adding the weaker methyl-galactoside ligand. The absolute intensity of the ,B-GaIOMe ligand increases with increasing the concentration from 0 to 2.5 measured as the STD amplification factor. The signal intensity of the This competition experiment gives evidence to the speeifieity of the RCA 120 towards galaetose containing saceharides. The KD of NA2 can be calculated to 27 ~lM decasaccharide protons is reduced from 1 to about 0.75 at the same time. This relatively small decrease in STD amplification factor for the decasaccharide compared to the strong increase of the signals for fi-GalOMe shows clearly that the latter is a weaker ligand, whereas the former binds stronger to the receptor protein. Using the decrease of the signal intensity of the decasaccharide and knowing the binding constant of the monosaccharide, one can easily determine from a onesite competition model the dissociation constant of the decasaccharide to be KD=27 IlM. Surface plasmon resonance experiments (Biacore) result in a comparable KD=4.4 IlM.
STD-NMR Analysis of the Binding of a Carbohydrate Library to E-Selectin
In collaboration with Prof. B. Ernst, Basel, Switzerland, and Prof. O. Hindsgaul, Edmonton, Canada, we tried to identify affinity to E-selectin in a randomly sulfated and fucosylated lactose library (Fig. 9 ). Fig. 9 . Synthetic route to the randomly sulfated and randomly fucosylated oligosaccharide library representing sialyl Lewis x mimics They have synthesized a combinatorial library of E-selectin ligands starting from lactose and arriving at a substituted lactose that has randomly fucosyl residues and randomly sulfate residues attached to it. It was unknown where and how many substituents were attached. The reducing end was capped by a spacer. There were about 200 components in the library and a micromolar binding affinity was identified in this library, which is a good KD for E-selectin. A deconvolution of the library was unsuccessful.
NMR spectra of sugars have an area of large overlap where most of the sugar signals fall within a range of I ppm. In the spectra of the library we also have a couple of anomeric signals that are outside the ring protons, and the methyl protons of the fucose are in the high field range. Further, there are some aromatic by products in the sample, because the libraries could not be purified. We used STD spectroscopy to get an idea for binding affinity. TOCSY spectra and saturation transfer difference TOCSY were recorded. In the STD-TOCSY, it is obvious that most signals are eliminated and only very few signals are left, which is clear from an overplot of the expanded regions of the TOCSY and the STD-TOCSY spectrum (cf. Fig. 10 ). It is obvious that only a few components of this complex library are responding in the STD-TOCSY spectra. In order to assign the spin systems, selective ID TOCSY and selective ID COSY spectra were necessary to get further information about the structures of these molecules. We did not finally succeed in defining the structures, including the location of the sulfate groups. However, we could identify the basic carbohydrate trisaccharide structures that carry binding affinity. It is not surprising that the 3-fucosyI-lactose was identified as one compound with binding affinity. The position of the sulfate could not be located from NMR spectroscopy. It was surprising, however, that also a sulfated 2' -fucosyl-Iactose carries binding specificity which is actually, according to STD-NMR, spectra somewhat stronger. Again, we do not know where the sulfate group(s) is (are) located on the trisaccharide. Experimental verification of the results by selectively resynthesizing the sulfated trisaccharides is pending.
From modeling studies it is probable that the 3' and the 6' sulfate of the 3-fucosyl-lactose and of the 6-sulfate of the 2' -fucosyl-Iactose are potentially potent ligands to E-selectin.
Boundary Conditions for STD-NMR Spectroscopy
The STD effect can best be viewed if the STD amplification factor (Mayer and Meyer 2001) is being used for the quantification of the response of the ligand in interaction with the receptor protein. The STD amplification factor is obtained by mUltiplying the percent STD effect of a given proton at a given concentration with the excess of the ligand over the protein. Therefore, the STD amplification factor effectively carries a unit normalized to the intensity of a proton of the protein and is the best measure to assess the sensitivity of the method (cf. factor varies between the proton involved in direct binding (H3) and the O-methyl protons by only a factor of about 1.5 (ct'. Fig. 12 ). Both saturation curves have reached their maximum at about 3 s saturation time. Increasing the excess of the ligand (panel B in Fig. 12 ) to about 25-fold increases the distinction between the proton involved in direct binding (H3 of galactose), and the O-methyl group that is not in close contact with the binding pocket by a factor of more than two. Now even at 5 s saturation time, the maximum of the STD amplification has not yet been reached. Increasing the excess of the ligand further to lOO-fold, the absolute magnitude of the response from the ligand increases further (ct'. panel C in Fig. 12) , and the discrimination between the protons of the O-methyl group and H3 is now better than a factor of three. The complex type decasaccharide (Fig. 7) has a larger binding constant, and therefore a slower exchange rate. Here, one obtains lower maximal STD amplification factors. The titration curve of the complex type decasaccharide in its binding to RCA120 gives a maximum STD amplification factor of two at 1.2 mM ligand concentration. The reason for the lower STD amplification factor is the decreased off rate (k off ) of this ligand associated with the stronger binding.
The examples demonstrate that STD-NMR is well-suited for studying interactions of ligands with macromolecular receptors at a very high sensitivity. All types of NMR spectra can be recorded because STD is a preparatory pulse sequence, e.g., ID-NMR spectra, TOCSY, COSY, HSQC, and others. STD-NMR can be used to identify from large complex mixtures of compounds those with bioactivity. The largest pool screened contained about 250 compounds. On the receptor side, there is no upper size limit of the protein. However, it should not be smaller than about 10 kDa because the protein has to be effectively saturated by spin diffusion. The receptor proteins can be coupled to solid phase and proteins can also be integrated into liposomes, giving access to screening of membranebound or membrane-integrated proteins. The ligands can be either carbohydrates, monosaccharides as well as oligosaccharides up to about 2 kDa, aromatics, peptides, peptidomimetics, and other molecules. The only requirement is that a concentration of the ligand of about 50 ~lM can be prepared in a solvent system that is also compatible with the receptor protein.
